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shows resonances too. 10 The electronic structure of the high-T c cuprates reveals a high density of bands between 2 and 3 eV below the Fermi level, 11 which are in resonance with the light used in Raman experiments. These theoretical and experimental observations support the importance of resonance effects. The investigation of the normal-state Raman scattering in YBa 2 Cu 3 O 7 on the basis of first-principles calculations 12 revealed an dependence of the continuum. Resonances in two-magnon scattering observed in YBa 2 Cu 3 O 6 13 and PrBa 2 Cu 3 O 7 14 were treated theoretically by Chubukov and Frenkel, and by Morr and Chubukov. 15 The background of the current understanding of Raman scattering in BCS superconductors was established by Abrikosov and Fal'kovskii, 16 Tong and Maradudin, 17 Tilley, 18 Cuden, 19 and Klein and Dierker. 20 A theory of Raman scattering in d-wave-gap superconductors was proposed by Devereaux and Einzel. 21 It was recognized that interband transitions play an important role in forming the Raman matrix element ͑vertex͒; 19, 22 however, no analysis of the resonances was given in these papers.
An unsolved problem relevant for the resonance is the intensity in the fully symmetrical A 1g polarization. The response to the A 1g perturbation is diminished by screening, while for other symmetries the effect of screening is negligibly small. 20, 22 Therefore, a relatively weak Raman intensity in the A 1g channel in comparison to others is expected, contrary to the experimental observations. 6 A solution of this controversy 23 can be attributed to the A 1g scattering by spin fluctuations. Since the screening is directly related to the anisotropy of the Raman process matrix element ␥ k (), the ratio of the Raman intensities in different polarizations is dependent if the anisotropy of ␥ k () depends on .
The purpose of this paper is to consider resonance effects on the Raman peaks in a d x 2 Ϫy 2-gap superconductor. We will show that the experimentally observed intensity ratio in different polarizations can be explained by resonances. Below we put បϵ1.
Since Raman scattering is a dissipation of the external perturbation due to the creation of excitations, the scattering efficiency is proportional to the imaginary part of the Raman susceptibility R Љ , given at temperature T in the Matsubara representation by
␥ k () is the Raman vertex ''dressed'' by the interactions within the system, m ϭT(2mϩ1) and n ϭ2Tn are the fermionic and bosonic Matsubara frequencies, respectively, and tr is the trace. ϭkϪk F , k F is the Fermi momentum, and dl F is the Fermi-line element. The Gor'kov-Nambu Green function Ĝ k (i m ) has the form
where i are the Pauli matrices, v F is the Fermi velocity, the renormalized Matsubara frequency m ϭ m ϩi ͚( m ), with ͚( m ) being the self-energy, and ␥ k ()ϭ␥ k () 3 . As the source of the self-energy we consider the scattering by shortrange impurities in the s channel with ͚( m ) satisfying Dyson's equation: 24 -26 
͑3͒
where we assume ⌬ k ϭ⌬ 0 cos (2), where ⌬ 0 is the gap maximum, ⌫ imp is the relaxation rate due to impurities, ␦ 0 is the phase shift, and is the angle between k counted from the (,) point and the x axis. The screening can be taken into account within the random-phase approximation:
where ␥␥ * (i n ), ␥1 (i n ), 1␥ * (i n ), and 11 (i n ) are determined by the right-hand side of Eq. ͑1͒ with one or both vertices substituted by 1, and not renormalized by the Coulomb interaction. The analytical continuation i n →⍀ϩi0 has to be done in Eq. ͑1͒, which can be performed numerically with the Padé approximants. 27 At Tϭ0 and ⌫ imp ϭ0, Eq. ͑1͒ yields the result for the polarizations B 1g (e I ʈx ϩŷ ,e S ʈx Ϫŷ ) and B 2g (e I ʈx , e S ʈŷ ), where e I (e S ) is the polarization of the incident ͑scattered͒ light, and x and ŷ are the crystal axes, 20 ,21
Here N F is the density of states at the Fermi level and 
Here p x,k and p y,k are the components of the interband matrix element of momentum between the initial E i (k) and the final band states near the Fermi line, and k ϭE F ϪE i (k) Ϫi⌫ k is the interband distance taken at the Fermi line including the broadening ⌫ k . Typically, the damping of the interband excitation is chosen to be k independent with ⌫ ϭ0.1 eV. 28 The momentum dependence of ␥ k () is due to the k dependence of p x,k and p y,k and the interband distance k . A photon probes a region where k is close to with an enhanced efficiency.
To obtain k and p x,k , p y,k we employ the tight-binding model, which includes Cu-O2͑O3͒ hopping tϭ1. 
) correspond to atomiclike orbitals. The matrix elements of p k bilinear in k were described in Ref.
29. Figure 2 shows ͉␥ k 2 ()͉ calculated for different polarizations and photon energies.
The results for R Љ (⍀) in the unitary limit ␦ 0 ϭ/2 are presented in Fig. 3 . The parameter ⌫ imp was chosen to give a reliable fit to the experimental data for the B 1g peak, in Bi 2 Sr 2 CaCu 2 O 8ϩx (T c ϭ89 K) obtained at ϭ1.95 eV with a very low noise/signal ratio. 9 To get the low-frequency FIG. 1. The interband distance E F ϪE i (k) and the probed regions ͑shown in the inset͒ near the Fermi line. The regions near the gap maximum ͑probed at ϭ2.25 eV) and the gap nodes ͑probed at ϭ2.75 eV) are marked by the gray and white ellipses, respectively.
FIG. 2. ͉␥ k ()͉
2 for different light polarizations and photon energies. Photon energies ͑in eV͒ are indicated near the lines, the lifetime is chosen to be ⌫ϭ0.1 eV.
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slope R Љ (⍀)/⍀ and the width of the measured peak, one has to assume a high relaxation rate ⌫ imp /⌬ 0 ϭ0.35. Figure 2 demonstrates that R Љ (⍀) strongly depends on in all polarizations. Therefore a few conclusions can be drawn. peak is getting sharper under this condition. ͑ii͒ For the B 1g spectra the ⍀Ӷ⌬ 0 region is of special interest since it is expected to clarify the gap symmetry. Figure 2 shows that this part strongly depends on . In the unitary limit a crossover from R Љ ϳ⍀ to R Љ ϳ ⍀ 3 behavior is supposed to occur at ⍀*ϳͱ⌫ imp ⌬ 0 . 24 The linear behavior at Ͻ2ͱ⌫ imp /⌬ 0 . When the resonance is achieved near the intersection point of the BZ diagonals and the Fermi line, the linear part of R Љ (⍀) extends. The evolution of the shape of the B 1g peak corresponds well to the experimental data on Tl 2 Ba 2 CuO 6ϩ␦ ͑Ref. 7͒ and Bi 2 Sr 2 CaCu 2 O 8ϩ␦ . 9 In these studies the region of R Љ (⍀) linear in ⍀ increased, the peak became broader, and the maximum position was shifted by about 0.1⌬ 0 with increasing . However, in Ref. 9 , where the maximum position was quantitatively investigated, the maximum was shifted to lower frequencies, in contrast to our results. The reason for this discrepancy will be discussed later. At the same time, the results on HgBa 2 Ca 2 Cu 3 O 8ϩ␦ ͑Ref. 8͒ show a behavior corresponding to our approach: with the extension of the linear region and broadening, the maximum shifts to lower frequencies. However, this occurs when k͉͉(0,) Ͼ k͉͉(,) corresponding to tЈ/tϾ0 in the tight-binding model. One may conclude that in this compound, the states that have large ͉p k ͉ for the transitions to the Fermi line have a different dispersion than those in the Bi-and the Tl-based materials.
͑iii͒ Close intensities in the B 1g , B 2g , and A 1g polarizations observed experimentally can be achieved at the resonance near the BZ diagonals. The A 1g intensity is expected to be smaller than the B 1g one due to the screening, which suppresses the A 1g response up to an order of magnitude. The B 2g scattering is diminished since ␥ k B 2g ()ϭ0 at the BZ boundaries, where the density of states for the pair-breaking excitations is maximal. Due to the resonance, the peak intensities can get closer. For the A 1g polarization the intensity is enhanced by the anisotropy of the Raman vertex. For the B 2g polarization a large contribution of the states near the gap nodes enhances R Љ (⍀). The Raman vertex can be expanded as the sum of the Fourier harmonics as
If the resonance is achieved near the high-symmetry directions (k,k) or (k,0), the sum contains components up to l max ϳͱW/⌫, while for the resonance far from the high-symmetry lines l max ϳ W/⌫. Now we can address the role of the lifetime ⌫. Analysis of the Raman process shows that the dependence of R Љ (⍀) on ⌫ becomes considerable if the resonance is achieved near the BZ diagonals, and the maximum position can be shifted due the k dependence of ⌫. Therefore, the experimentally observed shift in the peak position to higher frequencies with the increase in can be due to the k dependence of the lifetime, which was not taken into account here. Another reason can be more fundamental and related to the gap maxi- 
mum achieved not at the BZ axes but at other k directions, which does not contradict the d x 2 Ϫy 2-gap symmetry. In this case ͉⌬ k ͉ should have eight equivalent maxima.
We assumed above that the pair-breaking process is a major contribution to the A 1g scattering, which under resonant conditions has an intensity close to that of the B 1g channel. However, this contribution might be not unique. For example, the nonscreened spin fluctuations can contribute to the A 1g response, shifting the observed peak position to a frequency close to that observed in the inelastic neutronscattering experiments. 31 To conclude, we calculated the dependence of the shape and the intensity of the pair-breaking peaks in the electronic Raman scattering in a d x 2 Ϫy 2-gap superconductor on the exciting light frequency. The position of the B 1g peak is robust with respect to the photon frequency with a possible shift of the order of 0.1⌬ 0 . The experimentally observed close intensities in the A 1g , B 1g , and B 2g channels hint on the interband resonance achieved near the gap nodes. The systematic studies of the resonant dependences in the absolute values of the intensities are crucially desired in this field.
